Abstract
Introduction

34
Branched glycerol dialkyl glycerol tetraethers (branched GDGTs) have been commonly found in 35 peats, soils, and rivers, lake, and marine sediments (Schouten et al., 2000; Sinninghe Damsté et al., 36 2000; Hopmans et al., 2004; Schouten et al., 2013) . They are thought to be the membrane lipids of 
44
MBT/CBT has been applied in marine, lacustrine and terrestrial settings (e.g., Weijers et al., 45 2007a; Ajioka et al., 2014a) . However, discrepancies between the expected paleoclimate conditions 46 and proxy-derived results have often been observed. The discrepancy has been attributed to the 47 seasonality of branched GDGT production (Peters et al., 2011; 2012; Zech et al., 2012) , the influence 48 of precipitation (Weijers et al., 2007b; Peterse et al., 2012) , the influence of coeluted GDGT isomers 49 (Zech et al., 2012) , the overprint of GDGT composition by the subsurface production of branched 50 GDGTs (Zech et al., 2012; Ajioka et al., 2014) , redeposition of branched GDGTs (Zech et al., 2012) 51 3 and the influence of plant root bacteria on soil GDGT composition (Huguet et al., 2013) . These 52 studies suggest that caution is necessary for the application of the MBT/CBT index in terrestrial 53 paleosols to paleotemperature estimates. Local and regional MBT/CBT calibrations can reduce the 54 offsets between estimated and measured values (e.g., Peterse et al., 2012 , Ajioka et al., 2014a ) but 55 constrain their applicability. It is necessary to understand more about the source and fate of branched
56
GDGTs in soils as well as the environmental and ecological factors influencing GDGT distributions.
57
Isoprenoid GDGTs have been found in marine sediments (e.g., Schouten et al., 2000) and soil
58
(e.g., Weijers et al., 2006b) and are produced by Archaea (Nishihara et al., 1987) . Based on their The climate of southwest and central Japan is sensitive to East Asian summer monsoon 64 variability (Yoshino, 1965) . Paleoclimate records from terrestrial archives are therefore useful to 65 understand the past changes in the East Asian summer monsoon. The MBT/CBT index was 66 investigated in soils, river sediments, and lake surface sediments in the Lake Biwa drainage basin in 67 central Japan (Ajioka et al., 2014a) and was applied to Lake Biwa sediments for the reconstruction 68 of lake pH during the last 280 ky (Ajioka et al., 2014b) . Ajioka et al. (2014b) assumed that lake 69 water pH reflected the summer air temperature via chemical weathering and the resultant 70 eutrophication of lake water, but this assumption must be endorsed by other proxy records. The 71 reconstruction of air temperature will help to better understand East Asian summer monsoon 72 variability.
73
Here, we investigated branched GDGTs in surface soils and a paleosol sequence to understand 74 the source and fate of GDGTs in different soil types and reconstruct the past changes in the MAAT 75 in southwestern Japan. We established a regional MBT'/CBT-pH/temperature calibration based on 76 data from the study area and the Lake Biwa drainage basin, and we also discuss the impacts of Oita River basins in Oita Prefecture, Kyushu Island, in southwest Japan in December 2010 (Fig. 1) .
83
The altitude in this region ranges from 163 m to 1010 m. The soil samples comprised 17 andosols
84
(called Kuroboku in Japanese), four brown forest soils, and three calcareous soils (Table 1) hexane; F2 (aromatic hydrocarbons), 3 ml hexane-toluene (3:1); F3 (ketones), 4 ml toluene; F4
126
(polar compounds), 3 ml toluene-CH 3 OH (3:1). 
BIT = ([I] + [II] + [III])/([I] + [II] + [III] + [crenarchaeol]).
156
The standard deviations of replicate analyses averaged 0.004 in this study. respectively.
196
The estimated MAATs based on the global calibration were higher than the climatological 197 MAAT (Fig. 4D ). About half of the estimated MAATs in this study fell within the root mean square (Fig. 4D) . The deviations between climatological and estimated MAATs were 6.1 ± 201 2.0°C and 1.8 ± 2.1°C when the global and regional calibrations were applied, respectively. showed a decreasing trend with depth (Fig. 5) . CBT did not change significantly because measured 208 soil pH was nearly constant, but MBT' showed an increasing trend with depth by reflecting the 209 decrease in the relative abundance of compound II compared with compounds I and Ib (Fig. 5) . At 210 site 2, branched and isoprenoid GDGT concentrations were maximal at a depth of 10-15 cm, 211 whereas at site 22, branched and isoprenoid GDGT concentrations showed an increasing trend with 212 depth (Fig. 5) . At both sites, CBT showed an increasing trend with depth as the measured pH 213 increased, whereas MBT' did not display an increasing trend (Fig. 5) . At all sites, BIT was 214 consistently higher than 0.94, and MI increased with depth (Fig. 5 ).
216
The Holocene sequence at the Kuju outcrop
217
At the paleosol sequence of site 5, the measured pH ranged from 5.6 to 5.8, from 4.8 to 5.7, and (Fig. 6A ). Concentrations were lower in volcanic ash layers than in andosols in the
221
Holocene intervals (Fig. 6A) . The estimated soil pH values were higher than the measured ones in 222 the upper horizons but were lower in the lower horizons (Fig. 6B) . On a 10-cm scale, the soil pH 223 estimated from CBT varied in response to measured soil pH (Fig. 6B) . MBT varied between 0.83 224 and 0.92 and increased downward, reaching a maximum at ~150 cm and decreasing below ( 
Deviations in CBT-based pH and MBT'/CBT-based MAAT from measured ones
229
In the study samples, the CBT-based pH value and the MBT'/CBT-based MAAT were higher 230 than the measured soil pH and MAAT values when applying global calibration (Figs. 4C and 4D ).
231
This tendency was also observed in the soils from the Lake Biwa drainage basin (Ajioka et al., 
240
In this study, three different soil types showed no significant difference in the CBT and pH 241 relationship (Fig. 4A) . The difference among these three soil types originated from differences in 242 their original rock types and the mechanisms of formation rather than a difference in the climate. In 243 particular, andosol is an artificial soil that was formed by slash-and-burn farming (Yamanoi, 1996) .
244
The CBT trend in andosol was not different from those in brown forest and calcareous soils,
245
suggesting that slash-and-burn farming is not a factor influencing CBT. This also suggests the soil 
Changes in GDGT composition near surface soils
249
The MBT/CBT-derived MAAT increased by a maximum of 4°C in the upper 30 cm (Fig. 5 ). are altered during the burial process, and the estimated pH and MAAT are biased.
264
At sites 2 and 22, the increase in CBT with depth resulted in the downward increase in the 265 estimated MAAT (Fig. 5) . The increase in branched GDGT concentration suggests that the addition 266 of the freshly produced branched GDGTs would lower CBT in response to an elevation of soil pH.
267
Although it is not clear whether this process is the same as that which occurred at sites 20 and 25,
268
postdepositional processes increased the estimated MAAT in the upper part of the soil sequence.
269
At all sites, BIT was constantly higher than 0.94, and MI increased with depth (Fig. 5) . The high
270
BIT is consistent with previous observations in soils (Hopmans et al., 2004; Schouten et al., 2013) . 
Air temperature changes since 15 ka
276
The MBT/CBT-derived MAAT ranged from 19 to 24°C and from 15°C to 20°C when the 277 global and regional calibrations were applied, respectively (Fig. 6 ). The uppermost sample showed 278 22°C (by global calibration) and 18°C (by regional calibration) (Fig. 6) , which was 11°C and 7°C
279
higher than the MAAT (11°C) in the study area. In the surface soils in the study area, the estimated
280
MAATs based on global and regional calibrations were ~6°C and ~2°C higher than the measured 281 MAAT, respectively (Fig. 4D) . Additionally, as discussed in the previous section, the estimated
282
MAAT increased by a maximum of 4°C in the uppermost layer of the soil sequence (Fig. 5) . The an additional potential factor enhancing the estimated MAAT.
289
The estimated MAAT was ~22°C (by global calibration) and ~18°C (by regional calibration) 290 in the early Holocene. It reached a maximum of ~24°C and ~20°C in the middle Holocene, and 291 deceased to ~21°C and ~17°C, respectively, in the late Holocene (Fig. 6D ). This variation agrees
292
with Holocene variation in the MAAT estimated by a pollen assemblage in the Fukuoka Plain,
293
northern Kyushu Island, 120 km northwest of the study site (Kuroda and Hatanaka, 1979) , and at Mt. The variation in the estimated MAAT at the study site agreed with variation in the CBT-based 304 pH of Lake Biwa water in core BIW07-06 (Ajioka et al., 2014) during the last 15 ka (Fig. 7A) . temperature occurred around 7-5 ka, which was likely due to an intensified summer monsoon.
13
However, the estimated MAAT at the study site was less consistent with the summer sea 311 surface temperature (SST) records near the Japanese Islands (Yamamoto et al., 2005; Isono et al., 312 2009; Yamamoto, 2009; Kubota et al., 2010 Dryas period (~15 ka) ( Fig. 7C ; Kubota et al., 2010) . The estimated MAAT at the study site was 316 ~19°C at ~14 ka and ~3°C lower than in the late Holocene (Fig. 7C) . Because the ages of soils were 317 extrapolated before 11.6 ka, the precise correlation of events between our data and East China Sea in MBT is likely to reflect the addition of newly produced branched GDGTs in subsurface soils.
336
Postdepositional microbial processes are a potential factor enhancing the estimated MAAT. 
